dent modifications in hippocampal neuronal populaResults tions during sleep are associated with any noticeable change in the animal's subsequent behavior.
Route Learning during Wakefulness
In group 1, subjects were scanned awake during tests In humans, episodic and spatial memory acquisition involves the same neuroanatomical system that is used of route retrieval in which they had to reach target locations in the virtual town area as fast as possible, in for spatial learning in animals, namely the hippocampus and other medial temporal regions (Burgess et al., 2002) . less than 90 s. As compared to the nonspatial control condition (see the Experimental Procedures), significant Behavioral and psychopharmacological studies suggest that declarative memory consolidation is slow wave rCBF increases were observed bilaterally in the right (x, y, z standard coordinates 24 Ϫ28 Ϫ16 mm; Z value ϭ (NREM) sleep dependent (Plihal and We also investigated the relationship between hippodependent activation of hippocampal and parahippocampal navigation-related neuronal populations occurs campal activity and behavioral performance during tests of route retrieval. For each scan, the distance remaining in humans during NREM sleep following spatial learning. In addition, we looked for the evidence that experiencebetween the subject's actual location and his final destination at the end of the 90 s test period was computed dependent changes in hippocampal activity during NREM sleep relate to the improvement in subsequent using the shortest possible path in the town. This distance was used as a quantitative estimate of topographispatial behavior.
To do so, regional cerebral blood flow (rCBF), taken cal knowledge (i.e., the shorter the distance to destination, the better the performance). Performance in route as a marker of local synaptic activity, was estimated in three different experimental groups of subjects: (1) retrieval significantly correlated with rCBF changes in the left (Ϫ24 Ϫ34 Ϫ16 mm; Z ϭ 3.65) and right (26 Ϫ28 during training to a topographical memory task in which subjects learned to find their way inside a complex Ϫ18 mm; Z ϭ 3.17) hippocampus (Figure 2A ). Coefficients of correlation (Pearson r) between distance rethree-dimensional virtual town ( Figure 1A) ; (2) during all stages of nocturnal sleep (SWS, stage 2 sleep, REM maining to destination and rCBF were r ϭ Ϫ0.57 and Ϫ0.41, respectively ( Figure 2B ). These results confirm sleep, and pre-and postsleep wakefulness) following an extended period of navigation in the virtual town; and prior studies showing that hippocampal activity positively relates to the accuracy of route finding in a virtual (3) during all stages of nocturnal sleep without prior training. In addition (4), we used rCBF data from a prior environment (Hartley et al., 2003; Maguire et al., 1998a) . It also confirms that the hippocampus is part of the study (Maquet et al., 2000) , obtained during all stages of nocturnal sleep following an extended period of prachuman navigation network, which would be potentially reactivated during posttraining sleep. tice to the procedural serial reaction time (SRT) task, a paradigm of implicit learning. The analysis of PET data looked for increased activity in hippocampal and paraExperience-Dependent Hippocampal Activation hippocampal regions during sleep stages, more after during Posttraining Sleep navigation practice (group 2) than in nontrained controls Sleep features in groups 2 and 3 were comparable in (group 3). To ensure that peak locations of hippocampal all respects: no significant differences could be found activation during sleep are among those engaged during in terms of any sleep parameter (Table 1) . Thus, any spatial learning, we performed a conjunction analysis differences in brain activity between groups would have that identified the (para)hippocampal locations that are to be explained by presleep experience. both more active in postnavigation sleep than in "norIn group 2, subjects were trained on the spatial memmal" sleep and activated during practice of the task ory task, from 16:00 to 20:00 (presleep session). They during waking (group 1). To ensure the specificity of were allowed eight 15 min free exploration periods in posttraining activations in (para)hippocampal areas for the virtual town. Each exploration was followed by a set spatial memories, we computed the same analyses of three 90 s tests of route retrieval. In group 2, regional comparing subjects trained to the navigation task (group activity in the bilateral hippocampal formation and para-2) to those subjects trained to the SRT task (group 4) hippocampal gyrus was significantly larger during postprior to sleep. training SWS, stage 2 sleep, and REM sleep than during To assess the possible link between memory consoliwakefulness. In addition, bilateral hippocampal and pardation and neurophysiological modifications during ahippocampal activity was higher during SWS than durposttraining sleep, regression analyses were performed ing REM sleep (Table 2) . In group 3, subjects were simibetween the amplitude of overnight performance imlarly scanned at night but did not have to practice the spatial memory task prior to sleep. They were never provement and the amount of rCBF changes. exposed to the town. In group 3, as compared to wakeduring SWS than during REM sleep (Table 3) . In group 4, subjects were trained on the procedural SRT task fulness, regional activity in the bilateral hippocampal formation and parahippocampal gyrus was also larger from 16:00 to 20:00 in the presleep session and then scanned at night in the same experimental conditions. during SWS, stage 2 sleep, and REM sleep and higher SRT-trained groups indicates that the observed activation is not merely due to a more intensive stimulation To probe experience-dependent modifications of hippocampal activity during posttraining sleep, we asof the subjects prior to sleep and critically depends on the type of learning (i.e., spatial/declarative versus prosessed, using interaction analyses (Table 5, relationship between the improvement in performance and the hippocampal blood flow, mostly prominent durwhich was exposed to navigation in the town, a postsleep session verified that learning had occurred. All ing SWS, probably relies on the activity of the neuronal ensembles which code for the recently acquired toposubjects were administered the last fifteen 90 s tests of route retrieval performed in the presleep session, at the graphical information. These data suggest that hippocampal learning-dependent activation during SWS resame time of day as the initial session (16:00). In the postsleep session, the mean distance left to destination flects the ongoing processing of recent memory traces. cortico-hippocampal transfer of information is proposed Our data may support the dual process hypothesis, to take place in a temporally discontinuous manner that which suggests that SWS is mainly involved in the promight be delayed by hours to days (Buzsaki, 1996) , incessing of episodic and spatial memories (Plihal and corporating both wakefulness and sleep episodes. Born, 1997, 1999), whereas REM sleep facilitates conNonetheless, the significant correlation between the solidation of nondeclarative, or procedural, memories overnight performance improvement in route retrieval Born, 1997, 1999; Smith, 1995 catheter was inserted in a left antebrachial vein. Regional CBF was Only subjects who showed at least two periods of 15 min spent in estimated during 12 to 14 90 s emission scans using automated, each stage of sleep were scanned with PET during the third night.
nonarousing, slow intravenous water (H 2 15 O) infusion (6 mCi/222 These criteria were met in 6 out of the 12 subjects in each group.
MBq in 5 cc saline). Data were reconstructed using a Hanning filter Sleep parameters of the third night are reported in Table 1 use of a within-subject design in which subjects would have been first-person view from inside the environment in which they naviscanned during task practice (wakefulness), postnavigation training gated using a joystick to control their moves. The town is composed sleep, and control (nontrained or SRT-trained) sleep. Therefore, each of three sectors. Each sector could be reached from the other two condition was administered to a different group of subjects. using back doors (red squares on the map shown in Figure 1 ). Each
In group 1, scanned during wakefulness, 12 scans were obtained sector is divided into three districts, in which urban or rural streets during navigation in the town (exploration and test) and control with distinctive walls, objects, sounds, and background music are conditions (matched control task and rest). Only PET data that were incorporated. In each district, one target object is identified by a obtained in test and matched control conditions are reported in the rotating medallion (e.g., the Buddha statue in Figure 1) . The virtual present paper. environment was created and presented using a commercially availIn groups 2, 3, and 4, scanned during nighttime, at least two able computer game (Duke Nukem 3D; 3D Realms Entertainment, waking, two REM sleep, two stage 2 sleep, and two SWS scans Apogee Software Ltd., Garland, TX) on an 800 MHz Pentium-III PC were obtained under polygraphic monitoring during the third night, (screen size 17 in).
between 23:00 and 08:00. Sleep scans were performed when polyIn the exploration condition, subjects moved freely in the environsomnography showed steady characteristic sleep patterns (Rechtment. They were explicitly instructed to learn the spatial layout of schaffen and Kales, 1968) for at least 4 min. Waking scans were streets, districts, and objects' locations. In the test condition, subobtained at rest with eyes closed in complete darkness, before and jects were designated a starting object and were instructed to reach after the sleep night. a remote object located in another district, in no more than 90 s.
PET data were analyzed using the Statistical Parametric Mapping After time elapsed, the distance remaining between the subject's software SPM2 (http://www.fil.ion.ucl.ac.uk/spm/spm2.html) impleactual location and his final destination was computed using the mented in MATLAB (Mathworks Inc., Sherborn, MA). Data were reshortest possible path (arbitrary units) and used as a quantitative aligned, normalized into stereotactic space, and smoothed (16 mm estimate of topographical knowledge (i.e., the less the remaining FWHM). Statistical analyses were computed using a mixed model, distance to destination, the better the performance).
accounting for the random effects (RFX). This allowed us to take into In group 1 (n ϭ 12), scanned during wakefulness, volunteers were account within-and between-individual variability of rCBF changes. allowed three 9 min exploration periods, each followed by a set of The condition and subject (block) effects were estimated according three tests. In the matched control condition, they moved the joy- 
